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In  1971 , a long-term,  deep-ocean  test  was  started  on  eighteen  concrete  spheres,  66  inches 
( 1 ,676  mm)  in  outside  diameter  by  4.12  inches  (105  mm)  in  wall  thickness.  The  spheres  were 
placed  in  the  ocean  at  depths  from  1,840  to  5,075  feet  (560  to  1,547  m).  Over  a 6.4 -year  period, 
yearly  inspections  of  the  spheres  by  submersibles  have  provided  data  on  time-dependent  failure 
and  permeability.  After  5.3  years,  three  of  the  spheres  were  retrieved  from  the  ocean  for 
laboratory  testing.  Data  on  concrete  compressive  strength  gain,  short-term  implosion  strength 
of  the  three  retrieved  spheres,  and  permeability  and  durability  of  the  concrete  were  obtained. 

Hus  report  summarizes  the  findings  from  the  laboratory  and  ocean  tests. 
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INTRODUCTION 

In  September  1971,  a test  program 
was  started  on  concrete  spherical  struc- 
tures placed  in  the  deep  ocean  for  long 
term  testing.  This  report  is  the  second  in 
a series  documenting  the  study;  pre- 
sented are  the  test  results  of  the  spheres 
after  6.4  years  in  the  ocean  The  first 
report  (Ref  1)  covered  the  fabrication, 
ocean  emplacement,  and  inspections  up 
to  1.3  years.  Details  of  the  test  program 
and  the  specimens  arc  given  in  Refer- 
ence 1. 

The  technical  objectives  of  the  pro- 
gram are  to  obtain  data  on  time-depen- 
dent failure,  permeability,  and  durability 
of  the  concrete  spherical  structures. 
These  data  can  prov  ide  a technology  base 
trom  which  engineering  guidelines  could 
be  written.  Another  important  aspect  of 
the  program  was  to  expose  the  spheres  to 
real  environmental  conditions.  The  test 
results  will  aid  considerably  in  establish- 
ing confidence  and  credibility  for  con- 
crete as  a deep-ocean  construction 
material. 


BACKGROUND 

Eighteen  concrete  spheres  66  inches 
(1676  mm)  in  outside  diameter  and  4.12 
inches  (103  mm)  in  wall  thickness  were 
placed  in  the  ocean  at  depths  varying 
from  1,840  to  3,07  3 feet  (360  to  1.347 
m).  Sixteen  of  the  spheres  were  unrein- 
forced concrete,  eight  of  which  were 
coated  on  the  exterior  with  a phenolic 
compound  to  act  as  a waterproofing 
agent;  the  other  eight  spheres  were  left 


uncoated.  The  remaining  two  spheres 
were  lightly  reinforced  with  0.5-inch  (I  3- 
mm)  diameter  steel  bars.  The  reinforcing 
bars  had  a concrete  cover  of  I and  2.5 
inches  (25  and  63  mm).  Half  of  the 
exterior  of  each  of  these  spheres  was 
coated  with  the  waterproofing  agent. 
The  reinforced  spheres  were  to  deter- 
mine whether  corrosion  problems  exist  m 
the  deep  ocean  environment. 

The  depth  range  lor  the  spheres 
corresponds  to  relative  load  levels  of 
Irom  0.36  to  0.83.  The  relative  load 
level.  Ps  /Pfm  , is  defined  as  the  ratio  of 
sustained  pressure  to  predicted  short- 
term implosion  pressure. 

Time-dependent  failure  was  expec- 
ted for  six  ol  the  spheres  subjected  to 
the  highest  load  levels;  therefore,  those 
spheres  were  equipped  with  clock  mech- 
anisms to  record  the  dav  of  implosion.  It 
other  specimens  were  to  implode,  the 
yearly  inspections  would  discover  the 
failed  specimens. 

Permeability  data  were  gathered 
during  inspections.  The  spheres,  which 
were  approximately  1.000  pounds  (4  3 0 
kg)  buoyant,  were  tethered  30  feet  (10 
m)  off  the  seafloor  bv  a 2.25-inch  (57- 
mm)  diameter  chain.  As  seawater  was 
absorbed  by  and  permeated  through  the 
concrete,  the  sphere  weight  increased. 
The  reduced  buoyancy  of  the  sphere 
meant  that  less  chain  was  suspended  off 
the  seafloor.  Therefore,  change  of  one 
chain  link  corresponded  to  0.50  cu  ft  (14 
liters)  of  seawater  being  taken  on  b>  the 
sphere. 

The  concrete  mix  design  was  Type  II 
Portland  cement,  a vvater-to-cement 
ratio  of  0.41,  a sand-to  cement  ratio  ol 


t 


I.S\  and  a coat  so  aggregato-to-c  emont 
ratio  v>  t 2.2$.  The  ma\imum  size 
aggregate  used  was  3/4  inch  (19  mm). 


INSPECTION  AND  RETRIEVAL 

The  operations  to  inspect  and 
retrieve  the  spheres  were  conducted  by 
submersibles.  The  Navy's  deep-diving 
manned  submersibles  Turtle  and  Seachtt, 
operated  b\  the  Submarine  Development 
Croup  One,  were  used  in  all  but  one 
operation;  Scripps  Institution  ol  Ocean - 
ograpln  used  their  Remote  I'nderwatei 
Manipulator  (Rl  M)  to  conduct  an  inspec- 
tion in  1972.  The  List  inspection 
occurred  in  March  I *■> 7 is . 

During  ear  h operation,  only  a 
limited  number  ot  spheres  were  inspei 
ted.  those  checked  depended  on  t tie 
number  ol  di\e  davs  scheduled  tor  the 
submersible  and  on  weather  conditions, 
which  could  testiut  the  actual  numbet 
ot  dives.  Hence,  some  spheres  have  been 
inspected  more  frequent l\  than  others 
(Figure  I).  Sphere  no.  6 has  not  been 
inspected  as  yet.  Table  I summarizes  the 
data  obtained  during  the  inspei  tions. 

Spheres  no.  I1)  and  17  show  chain 
link  counts  (the  number  ot  links  suspen- 
ded off  the  seatloor)  that  increased  with 
time  in  the  ocean.  This  increase  in  chain 
link  count  was  due  to  inaccuracies  in 
counting  links.  Turbidit\  sometimes 
obscured  the  links  near  the  seafloor, 
making  it  difficult  for  the  submersible 
operators  to  get  an  accurate  count.  Also, 
the  submersible  operators  were  i hanged 
with  each  dive,  which  caused  variations 
in  the  data  collection  procedure.  More 
reliable  data  have  been  obtained  during 
recent  inspections  because  chain  link 
counts  were  sometimes  taken  two  and 
three  times  as  a c heck. 


During  the  sixth  inspection  in 
January  1977,  Spheres  No.  II,  12,  and  I 3 
were  recovered  after  L 3 years  in  the 
ocean.  Two  ol  the  spheres  had  a water- 
proof coating  and  were  retrieved  from 
depths  of  2, MS  and  LI  40  feet  (SO*  and 
9S7  m).  The  other  sphere  was  unroated 
and  was  retrieved  from  a depth  of  2,790 
feet  (SSI  m). 

The  submersible  Seat  * 1 1 f f made  a 
separate  dive  to  retrieve  eai  It  sphere.  \ 
reel  containing  6,000  feet  (2,000  m)  ot 
l/2-inch  ( I 1-iimi)  nv  Ion  line  was  attai  lied 
to  the  front  end  of  the  submersible.  \ 
large  steel  hook  was  connected  on  the 
end  of  the  line.  I !sing  a manipulator,  the 
Seai  lit  f attached  the  hook  to  the 
Sphere's  tether  chain  and  then  payed  out 
the  line  as  it  surfaced,  \t  the  water 
surface,  the  line  was  buoved  with  a 
marker.  The  v'TL  warping  tug  was  then 
employed  to  reel  in  the  line  and  recover 
the  sphere  (Figure  2).  Each  sphere  was 
subsequentlv  wrapped  in  wet  burlap  and 
plastic  sheet  to  prevent  it  from  diving 
out. 

\ surface  inspection  of  the  spheres 
revealed  tube  worms  and  a grass-like 
animal  growth  on  the  coated  spheres  as 
well  as  a few  small  anemones  and  a 
grouping  of  small  scallops.  The  conc  rete 
surfaces,  whether  coated  or  line dated, 
had  considerably  less  grass-like  growth 
than  the'  steel  c hains  (I  igure  3).  Figures 
4 and  ■>  show  a close-up  view  of  the 
exteriors  tot  a coated  and  uncoated 
sphere. 

These  spheres  were  subsequentlv 
tested  in  the  laboratorv  where  they 
provided  data  on  the  actual  quantity  of 
water  permeating  to  the  inside  of  the 
spheres,  the  short-term  implosion 
pressure  and  strain  behavior  of  preloaded 
spheres,  and  the  c hemieal  compounds 
present  in  the c one  rete. 


Original  number  of  links  off  seafloor  calculated  from  known  weights  of  components. 
Based  on  3%  by  weight  absorption  to  saturate  the  concrete. 

New  chain  count  based  on  retrieved  sphere  data. 

Extra  shackle  found  on  retrieved  chain  which  changed  number  of  links  from  Reference  1 
Actual  quantity  of  permeated  water  was  \ .24  ft^. 
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Figure  2.  Sphere  no.  1 3 retrieved  from  depth  of  2,635  feet  (803  m) 


Uncoated  concrete  block  had  considerably  less  grass-like  gr  owth 
than  the  steel  chain. 
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RESULTS  AND  DISCUSSION 
Concrete  Strength  Gain 

The  compressive  strength  ot  con- 
crete alter  curing  in  the  ocean  tor  1.3 
and  5.3  years  was  obtained  Irom 
uncoated  concrete  blocks  that  were 
attached  to  the  chain  ot  the  spheres 
(Figure  3).  The  bloc  k size  was  14  x 18  x 
IS  inches  ( 3 Sf>  x 457  x 457  mm),  from 
which  tour  6 x 12-inch  (152  x 305-mm) 
c ores  were  drilled.  The  uniaxial  com- 
pressive strength  ot  the  cores  was  com- 
pared to  that  ot  6 x 12-inch  (152  x 305- 
mm)  cast  cylinders  made  from  the  same 
batch  of  concrete  and  cured  under  con- 
tinuous fog  room  conditions.  The 
strength  was  also  compared  to  that  of 
on-land  cured  concrete  blocks  located 
about  150  feet  f50  m)  from  the'  shoreline. 
These  blocks  were  the  same  size  as  those 
in  the  ocean,  and  test  spec  imens  were 
cored  from  the  bloc  ks.  The  compressive 
strength  results  are  presented  m Table  2. 

A strength  differential  has  been 
observed  to  occur  between  cast  and 
cored  specimens  of  the  same  concrete 
due  to  the  effect  of  drilling.  The  com- 
pressive strength  of  the  core  specimens 
in  this  study  was  increased  by  7%  so  that 
it  would  be  equivalent  to  that  of  the  cast 
specimens.  (Past  data  supporting  the 
strength  adjustment  are  given  in 
Appendix  A).  Table  2 presents  both  the 
measured  strength  of  the  core  specimens 
and  the  adjusted  strength.  The  following 
analysis  of  strength  data  is  based  on  the 
adjusted  strengths. 

The  compressive  strength  gain  of 
concrete  in  the  different  curing  environ- 
ments is  presented  graphically  in  Figures 
6 through  9.  Relative  strengths  are 
shown  where  the  common  denominator  is 
the  28-day  fog-cured  strength.  This 
strength  had  a nominal  value  of  8,000  psi 
(55  MPa).  Reference  1 did  not  give  the 
coefficients  of  variation  of  the 


compressive  strengths  for  spheres  at  28 
days  and  at  the  time  of  emplacement; 
these  data  are  now  given  in  Appendix  A. 
At  5.6  years  ot  age,  the  continuously 
fog-cured  concrete  showed  a relative 
strength  ot  1.35  (coefficient  of  variation 
was  5. 2 AO.  The  on-land  field-cured 
concrete  showed  a relative  strength  ot 
1.32  (coefficient  ot  variation  wax  S.OAO. 
and  the  ocean-cured  conc  rete  a relative 
strength  of  1.15  (coeffic  ient  of  variation 
was  9. 5A>). 

The  data  trom  the  on-land  tield- 
cured  concrete  are  interesting  but 
difficult  to  discuss  because  the  con- 
crete's actual  moisture  content  varied 
w ith  time.  The'  compressive  strength  of 
dry  concrete  is  greater  than  that  of 
equivalent  wet  concrete  bv  an  average  ot 
20A'  (Ret  2,  3).  The  degree  ot  drvness, 
i.e.,  the  relative  humidity  ot  the  environ- 
ment with  whic  h concrete  is  in  equilibri- 
um, also  influences  the'  compressive 
strength.  For  our  case,  the'  equilibrium 
relative  humidity  was  not  known.  At  5.6 
years,  spring  was  starting  after  a drought 
year.  However,  because  of  the  proximity 
of  the  concrete  blocks  to  the  ocean,  the' 
environmental  relative  humidity  was  high 
(IOOA.O  most  evenings. 

Samples  were  dried  in  an  oven  to 
obtain  an  indication  of  how  much 
absorbed  water  the  on-land  concrete  had 
in  comparison  to  the  fog-  and  ocean- 
cured  concrete.  These  data  are  given  in 
Appendix  C.  As  expected,  the  on-land 
concrete  contained  less  moisture  than 
either  the  fog-cured  or  ocean-cured  con- 
crete. It  is  likely  that  it  the  on-land 
concrete  were  soaked  in  water  for 
several  days  prior  to  uniaxial  testing,  the 
compressive  strength  would  have 
decreased.  The  amount  of  the  decreases 
would  have  been  an  estimated  5 to  1 5%. 

Figure  10  shows  a constructed 
relationship  between  relative  strength 
and  total  age  for  the  fog-  and  ocean- 
cured  concrete.  The  strength  gain 


1- 

H 


j 

I 


8 


behavior  tor  the  fog-cured  com  rete  is 
consistent  with  existing  knowledge.  How- 
ever, tlu‘  strength  gain  behavior  tor  the 
oi  can-cured  c oncrete  is  unusual  and 
needs  cl i si  ussion. 

When  a muss  of  concrete  the  size  of 
a control  cylinder  is  placed  in  the  ocean 
under  high  hydrostatic  pressure,  water 
tills  the  larger  size  voids  within  a period 
ol  several  days.  The  smaller  size  voids 
become  tilled  over  a much  longer  time 
period,  l or  example,  6 x 12-inc  h (I  *>2  x 
305-mm)  cylinders  under  a pressure  head 
ol  4S0  feet  (168  m)  were  still  absorbing 
water  after  84  days  (Ret  4).  Saturated 
concrete,  that  is,  concrete  whose  voids 
ari'  mostly  filled  with  water,  has  been 
found  previously  to  have  a strength 
reduction  ol  10%  compared  to  companion 
unsaturated  concrete.  This  strength 
reduction  was  observed  from  two 
different  types  ot  tests:  (I)  specimens 
were  exposed  to  a pressure  head  of  1,12“) 
feet  (34  3 m)  for  7 days  and  then  tested 
under  uniaxial  compression  in  a labora- 
tory environment  (Ret  1,  5);  and  (2) 
specimens  were  placed  under  a pressure 
head  ol  20,000  feet  (6,096  m)  lor  60  days 
and  then  loaded  axially  while  in  the 
hydrostatic  environment  (if  the  c oncrete 
was  totally  saturated,  which  was  the 
assumed  condition,  then  this  test  was  a 
uniaxial  c ompression  test)  (Ref  4).  The 
cause  ol  these  strength  reductions  was 
most  likely  from  pore  pressure  buildup. 
Ouring  uniaxial  loading,  the  water  pres- 
sure in  some  ol  the  pores  rose  slightly, 
thereby  placing  an  additional  component 
ol  tensile  strain  within  the  specimen  that 
reduced  the  tensile  strength  in  the  radial 
direction  and,  consequently,  reduc  ed  the 
compressive  strength  in  the  axial  direc- 
tion. 

In  Figure  10,  when  concrete  speci- 
mens were  placed  in  the  ocean,  a 
decrease  in  strength  of  about  10% 
oc  c urred.  At  1.6  years,  ocean-cured  con- 
i rete  showed  a compressive  strength 
that  was  still  Ic'ss  than  the  28-day  fog- 
cured  strength.  Two  alternative  paths 


are  shown  in  estimating  the  relationship 
between  the  time  the  concrete  was 
placed  in  the  ocean  and  1.6  years.  For 
the  lower  path,  which  intersects  the 
datum  point  at  1.6  years,  the  initial 
strength  reduction  when  placed  in  the 
ocean  had  to  be  greater  than  10%.  The 
higher  path  assumes  that  the'  data  at 
time  0. 2 “>  years  to  be  accurate  and  those 
at  1.6  years  to  be  a "low"  result.  The 
data  at  1.6  years  are  from  one  c oncrete 
block,  producing  four  cores  with  a 
coefficient  ol  variation  ol  4.0%. 

At  5.6  years,  the  cement  was  com- 
pletely hydrated  lor  both  the  fog-cured 
and  ocean-cured  concrete  us  determined 
from  x-ray  diffraction  analysis  ol  the 
colic  rote.  Hence,  the  rate  of  strength 
gain  of  the  c oncrete,  or  the  slope  of  the 
curve,  should  be  zero.  However,  strength 
changes  could  be  occurring  due  to  other 
chemical  c omposition  changes. 

Also,  at  5.6  years,  the  ocean-cured 
concrete  showed  a compressive  strength 
15%  less  than  that  of  the  fog-cured 
conc  rete.  This  strength  reduction  had  to 
be  due  to  a different  reason  than  satura- 
tion effect  because  at  this  advanced  age, 
both  the  fog-  and  ocean-cured  concretes 
are  known  to  be-  saturated  (Rel  4). 
Therefore,  the'  cause  for  the  lower 
strength  of  the  ocean-cured  concrete  as 
compared  to  the  fog-cured  concrete  can 
be  speculated  as  mainly  due  to  the 
presence  ol  seawater.  Magnesium  ions  in 
seawater  replace  some  of  the'  calcium 
ions  in  calcium  silicate  hydrate  (tobor- 
moritc  gel).  This  causes  the  formation  ol 
magnesium  silicate  hydrate,  which  is 
more  brittle  than  calcium  silicate 
hydrate  (Ref  6).  Specimens  ol  pure 
cement  paste  are  required  in  order  to 
determine  the  presence  ol  magnesium 
silicate  hydrate  with  a scanning  ele<  Iron 
microscope.  Hence,  these  concrete 
samples  could  not  be  tested  lor  magnesi- 
um silicate  hydrate.  Appendix  13  presents 
an  extension  to  the  sphere  program 
which  will  provide  data  so  that  the 
phenomenon  ot  magnesium  ions  replacing 
calcium  ions  can  be  studied. 
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Table  2.  Compressive  Strength  Test  Results 


Table  2 Continued 


1 


l-'ijiuro  10  Ki'liitivr  compressive  strength  of  fog-vured  and  ocean-cured  concrete. 


It  ran  also  bo  speculated  that  the 
cold  temperature  environment  of  the 
ocean  had  a small  effect  on  retarding 
full  development  of  strength  gain.  The 
ocean  temperature  was  40F  (4C), 

whereas  the  fog  room  environment  was 
7 3F  (22.8C).  Discussion  of  the  long-term 
effect  of  a continuous  40F  (4C')  curing 
environment  was  not  found  in  the  litera- 
ture. Lorman  (Ref  7)  gave  limited  test 
results  on  concrete  that  set  and  cured 
under  seawater  at  4 7F  (S.3C)  compared 


to  that  in  a 7 3F  (22. SC)  tog  environment. 
After  2S  days,  the  concrete  in  the  cold 
environment  showed  a compressive 
strength  that  was  approximated  IOlV> 
less  than  the  control  concrete. 

The  important  findings  from  the 
data  arc:  (I)  the  ocean-cured  concrete 
required  I to  2 years  in  the  ocean  before 
regaining  a strength  equal  to  its  28-day 
fog  strength;  and  (2)  within  the  time 
period  of  up  to  *>.3  years,  the  strength  of 
the  concrete  in  the  ocean  was  I *>  to  20'V 
less  than  that  of  eontinuouslv  fog-cured 
concrete. 


14 


Those  findings  raise  a question  as  to 
the  applicability  of  "concrete  strength 
increases  with  age"  as  generally 
accepted  (Ref  8).  Massive  offshore 
structures  are  typically  fabricated  in  a 
seawater  environment.  If  saturation  is 
considered  to  occur,  then  the  following 
interim  guide  can  be  used  for  strength 
gain  with  age.  The  initial  28-day  fog- 
cured  strength  should  be  reduced  by  10% 
to  account  for  saturation  effects.  Subse- 
quent in-situ  strength  increases  with 
time  may  depend  on  the  depth  at  which 
the  concrete  is  located.  Depth  is  impor- 
tant because  it  can  influence  the  degree 
of  saturation.  At  present,  data  are 
available  at  depths  of  a few  thousand 
feet.  For  this  case,  the  strength  increase 
relative  to  the  28-day  fog-cured  strength 
appears  to  be  nil  at  1 year,  5%  at  2 
years,  and  15%  at  5 years. 

For  cases  where  the  concrete  is  at  a 
depth  of  a few  hundred  feet,  it  is  hard  to 
estimate  the  strength  gain  behavior. 
First,  it  is  unknown  how  much  of  the  w'all 
thickness  will  become  saturated.  It  could 
take  months  for  several  feet  of  thickness 
to  become  saturated.  If  the  interior  of 
the  structure  were  to  be  at  a relative 
humidity  of  less  than  100%,  the  concrete 
would  never  become  saturated.  How- 
ever, some  of  the  concrete  would  be 
saturated  near  the  outside  wall,  and  that 
portion  would  exhibit  a strength  dif- 
ferent from  that  not  saturated.  As  a 
guide,  the  compressive  strength  should 
be  reduced  by  10%  to  account  for  satura- 
tion effects;  then  it  is  probably  reasona- 
ble to  permit  a strength  increase  of  10% 
at  6 months  and  15%  at  12  months.  These 
values  are  conservative  from  the  on-land 
increase  factors  of  20%  at  6 months,  and 
24%  at  1 2 months. 

Numerous  cylinders,  both  cast  and 
cored,  were  instrumented  with  strain 
gages  to  determine  the  elastic  modulus 
and  Poisson's  ratio  of  the  concrete. 
Table  3 summarizes  the  data,  and 
Figures  11  through  14  show  the  stress- 


strain  curves.  The  behavior  of  cored 
cylinders  is  presented  as  raw  data,  i.e.,  it 
has  not  been  adjusted  for  drilling  effect. 
The  concretes  were  all  linear  up  to  about 
0.5  f'c.  The  elastic  modulus  of  ocean- 
cured  concrete  was  30%  less  than  that  of 
the  continuously  fog-cured  concrete. 
Although  the  elastic  modulus  was  not 
determined  for  fog-cured  concrete  at  the 
age  of  28  days,  it  is  reasonable  to 
assume,  based  on  data  from  similar 
concrete  (Ref  5),  that  the  elastic 
modulus  of  the  ocean-cured  concrete  did 
not  change  significantly  from  that  of  the 
28-day  fog-cured  specimens. 

Short-Term  Loading  of  Spheres 

Implosion.  The  three  spheres 
retrieved  from  the  ocean  were  returned 
to  the  Laboratory  for  short-term  loading 
tests.  These  tests  were  conducted  in  a 
pressure  vessel  where  the  external 
hydrostatic  pressure  was  increased 
steadily  until  implosion. 

While  in  the  ocean,  these  spheres 
were  subjected  to  a sustained  load  of 
about  50%  their  short-term  ultimate 
strength  for  a period  of  5.3  years.  In 
previous  work  (Ref  5)  identical  speci- 
mens were  tested  under  short-term 
loading  where  the  specimens  w’ere  not 
exposed  to  the  long-term  preloading. 
Table  4 shows  the  results  from  both 
types  of  short-term  tests,  with  and  with- 
out preload.  Table  5 summarizes  the 
results. 

For  the  uncoated  spheres,  the  pre- 
loaded  sphere  showed  a decrease  in 
implosion  strength  of  about  8%  compared 
to  that  of  the  non-preloaded  spheres. 
The  compressive  strength  of  the 
saturated  concrete  was  fairly  well- 
defined  for  these  tests.  For  the  coated 
spheres,  the  preloaded  spheres  showed  an 
increase  in  implosion  strength  of  about 
5%  compared  to  that  of  the  non- 
preloaded  spheres.  The  actual  increase 
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in  implosion  strength  nun  have  been 
greater  than  the  reported  V\>  due  to  not 
de tilling  as  accurately  the  v ompressive 
strength  tor  the  preloaded  spheres  as  tor 
the  other  oases.  The  routed  spheres  trom 
the  oeoan  had  relatively  dry  oonerete.  To 
obtain  a compressive  strength  ot  dry 
oonerete,  the  on-land  oonerete  blocks 
were  used.  The  evaporable  moisture  con- 
tent of  the  on-land  blocks  was  2.7A>  bv 
weight,  which  was  less  than  the  kW  bv 
weight  moisture  content  tor  the  coated 
sphere  wall  (Appendix  I').  Hence,  the 
compressive  strength  listed  in  Table  U 
for  Spheres  no.  I I and  I f max  be  a little 
greater  than  the  actual  strength  ot  the 
concrete  in  the  sphere  wall.  It  this 
potential  error  was  corrected,  the  effect 
would  be  to  increase  the  l'jm/f(-  ratio  tor 
the  coated  preloaded  spheres. 

Table  “>  shows  that  Kit  non-pre- 
loaded  spheres  the  dry  concrete 
specimens  had  an  implosion  strength  only 


xhghtlv  greater  than  that  tor  the  satura- 
ted com  rote  specimens.  However,  !oi 
file  prelooded  spheres,  the  di\  concrete 
specimens  were  at  least  1 4V\»  strongei 
than  the  saturated  concrete  specimens. 
This  difference  in  strength  will  be 
discussed  in  the  next  section. 

The  implosion  data  are  limited. 
W hen  the  implosion  strengths  ot  «.ti  x and 
saturated  preloaded  specimens  (l’im  /\[ 
0,2'hl)  were  averaged  and  compared  to 
those  ot  the  non-preloaded  spheres 
U'mi/*c  0.W4),  it  was  tound  that  the 
overall  ettect  ot  proloading  the  spheres 
tv>  a stress  level  ot  about  ’>0A<  then 
ultimate  strength  lot  V ' years  was  quite 
small. 

Views  ot  the  imploded  spheres  are 
shown  in  figures  I1'  through  IS.  The 
visual  damage,  in  terms  ot  tragmenta- 
tiv'n,  is  rather  mild  m comparison  tv'  non- 
preloaded  specimens  and,  in  particular, 
tv'  specimens  tli.it  have  imploded  in  the 
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table  4.  Short-Term  I .nailing  Results  of  Concrete  Sphere 


Description 

Sphere 

Designation 

Concrete 

Condition-1 

Preload 

Pressure 

(psi) 

Uniaxial 

Compressive- 

Strength, 

<c  <PSI> 

Implosion 

Pressure, 

Ratio, 

^im 

»c 

Clastic 

Modulus 

of 

Sphere- 

Wall. 

V. 

(psi  x 10^)  | 

Spheres 

1 1 

dry 

1 ,400 

9 ,200” 

2.970 

0.32  3 

5 .05  I 

preloaded 

12 

saturated 

1,245 

9,960c 

2,750 

0.276 

5.20 

in  the 

ocean  for 

5.3  yr 

13 

dry 

1,175 

9,760b 

3,1  15 

0.319 

5.05 

Non-prcloadcd 

CDS-1 

dry 

0 

9,250 

2,860 

0.309 

4.64 

spheres 

CDS-2 

dry 

0 

9,120 

2,755 

0.302 

4.14 

(after 

CWS-3 

saturated 

0 

7,960 

2,500 

0.314 

Reference  5) 

c:\vs-4 

saturated 

0 

7,660 

2,205 

0.288 

4.29 

aDry  concrete  corresponds  to  coated  spheres,  and  saturated  concrete  corresponds  to  uncoated  spheres. 

'’6  x 12-inch  (152  x 305-mm)  cylinders  cored  from  on-land  field-cured  concrete  blocks  prepared  from 
concrete  used  in  spheres. 

c6  x 12-inch  (152  x 305-mm)  cylinders  cored  from  the  ocean-cured  concrete  block  attached  to 
Sphere  No.  12. 


Tabic  5.  Summary  of  Short-Terma  Loading  Results 


t 

Implosion  Pressure  to  Compressive  Strength  Ratio.  P /f  . 

for  Spheres  1111  1 

Spheres 

Coated 

Uncoated 

(dry  concrete) 

(saturated  concrete) 

Preloadcd*3 

0.321 

0.276 

Non-Preloaded 
(after  Ref  5) 

0.306 

0.301 

aSpheres  tested  in  a pressure  vessel. 
In  the  ocean  for  5.3  yr. 


p 
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ocean.  The  /ones  ot  tailure  tor  "spheres 
no.  tl  and  12  (Figures  l 5 and  16) 
appeared  to  bo  trom  c rustling  ot  c oiu  rote 
and  wore  more  localized  than  tor  the 
non-preloaded  spheres.  Sphere  no.  I 3 
showed  a tailure  /one  (Figures  17  and  IS) 
that  was  more  typical  of  the  non- 
preloaded  spheres.  \ shear-c  ompression- 
type  failure  mode  tor  a seetion  ot  wall 
was  evident  tor  about  “>0  inehes  (I  30  mm) 
in  length. 

The  spheres  that  imploded  in  the 
ocean  were  found  totally  fragmented.  In 
a pressure  vessel,  once  tailure  ot  a 
sphere  began,  the  pressure  load  dropped 
off  rapidly.  This  did  not  occur  in  the 
ocean,  and,  hence,  a sphere  was 
subjected  to  extremely  violent  shock 
forces  when  the  water  collapsed  the 
walls.  Figure  lv)  shows  the  debris  on  the 
seafloor  for  Sphere  no.  I that  imploded 
at  a depth  of  5,07“)  feet  ( l . S4 7 m). 

Strain  Behavior.  Strain  behavior  tor 
the  spheres  tested  in  the  pressure  vessel 
was  monitored  bv  measuring  the  quantity 
ot  water  displaced  from  the  interior  of 
the  sphere  while  under  load.*  \ change 
of  interior  volume  is  a direct  function  of 
the  change  in  radius,  and  the  change  in 
radius  is  a direct  function  of  hoop  strain. 
The  displaced  water  was  measured  to  an 
accuracy  of  ^10  ml,  which  converted  to  a 
strain  accuracy  of  i2  in. /in.  This  is 
applicable  only  when  membrane  displace- 
ments account  for  most  of  the  change  in 
volume.  Near  failure,  displacements  due 
to  flat-spot  development  can  contribute 
significantly  to  the  displaced  water. 

Figure  20  shows  the  raw  data  of 
pressure  versus  displaced  water  for  the 
spheres.  Other  scales  show  the  wall 


stress  and  strains.  \ similar  presentation 
ot  results  is  given  in  I igure  21  tor  tho 
non-preloaded  spheres  (alter  Ret  7). 
The  di  v concrete  spheres  were  able  to 
withstand  about  20'Y'  more  ultimate 
strain  than  the  saturated  spheres  bctore 
imploding. 

It  was  quite  apparent  trom  the  data 
that  saturated  concrete  behaved 
differently  than  drv  concrete.  However, 
at  tins  tune,  data  do  not  exist  on  the 
stress-strain  behavior  of  c oik  rete 
control  cylinders  that  are  saturated  and 
utuaxiallv  loaded  while  m a hydrostatic 
pressure  environment.  This  sphere  test 
program  (Figures  20  and  21)  provides  the 
t irst  data  that  show  saturated  concrete 
under  hydrostatic  pressure  does  not 
perform  as  well  .is  similar  drv  concrete. 

Table  k lists  the  stiffness,  or  elastic 
modulus,  for  the  walls  ot  the  spheres. 
The  average  modulus  value  to^  the  three 
ocean  spheres  was  “>.1  x 10  psi  (35.2 
CPa){  tor  the  non-preloaded  spheres,  it 
was  x 10*’  psi  (30.3  CPa).  This 

difference  was  due  to  the  effect  ot  the 
preload  and  is  a well-known  effect  ot 
concrete  creep  (Ref  S).  For  5.3  years 
the  cone  rete  in  the  ocean  spheres  experi- 
enced c reep  under  a wall  stress  of  about 
5,000  psi. 

Concrete  creep  and  a triaxial 
loading  condition  explains  win  the 
modulus  ot  5.1  x I Oh  psi  (35.2  CPa)  tor 
the  wall  of  the  preloaded  sphere  was 
greater  than  that  given  in  Table  3 for  the 
ocean-cured  concrete*  block,  where  the 
modulus  was  3.77  x lO*1  psi  (26.0  CPa). 
The  concrete  block  in  the  ocean  was  not 
stressed  like  the  sphere  wall;  it  was 
saturated  with  seawater  and  in  a state  ot 
equilibrium  w ith  the  environment. 


'This  technique  was  used  in  Reference  5 with  excellent  results;  the  same 
procedures  were  applied  in  these  tests. 
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Figure  18.  This  view  of  Sphere  no.  1 3 is  typical  of  post -implosion  for  non-preloaded 
spheres  The  missing  concrete  was  pushed  to  the  interior  of  the  sphere 
Shear-compression  plane  runs  from  equator  to  above  the  numeral  I 3 
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Displaced  Water  (I'r  ) 

l;igure  20.  Displaced  water  versus  pressure  for  short  term  implosion  of  preloaded  spheres. 
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Long-Term  Loading  of  Spheres 

Of  the  original  eighteen  spheres  in 
tin'  ocean,  three  spheres  have  imploded 
at  depth,  l he  time-to  failure  tot  each  of 
the  spheres  has  had  to  be  estimated 
because  the  clocks  contained  in  two  ot 
them  hate  not  been  found.  Sphere  no.  f 
evidently  imploded  on  descent  to  the 
seal  loot  at  4,  MO  leet  (1,^20  m)  because 
ttii'  concrete  fragments  were  widely 
scattered.  Spheres  no.  I and  7 had  a 
time-to-failure  that  was  between  the 
beginning  ot  the  test  and  the  day  ot  their 
tirst  inspection,  l or  these  specimens  the 
concrete  fragments  were  in  a localized 
area. 

IVtailed  data  lor  these  spheres  and 
the  other  spheres  still  intact  on  the 
seafloor  are  gi\en  in  Table  (>.  This  table 
also  shows  the  calculations  for  the  rela- 
tive load  level,  i.e.,  the  ratio  of 

sustained  pressure  to  the  predicted 

implosion  pressure,  l’s/lVm  • lo1  each 
sphere.  The  relative  load  level  for  the 
spheres  changed  between  tlu'  beginning 
of  the  test  and  the  ■>. 3- year  period  as  the 
concrete  became  stronger  with  time. 

I sing  data  from  Figure  7 for  dry  con- 
crete and  Figure  S for  saturated 

concrete,  the'  28-dot  log  cure  compres- 
sive strength  was  adjusted  to  estimate 
the  strength  at  ■>.(■>  years. 

The  long-term  loading  failure 

behavior  tor  the'  occ'an  sphere's  is  shown 
in  Figure  22.  I\itu  from  sphere's  te'ste'd  in 
a pressure  vessel  (Rot  *>)  are'  also  pre'- 
sented  in  Figure  22  and  summarized  in 
Table  7.  The  results  of  Stew  kl  (Ref  9) 
are  shown  by  an  average  data  curve 
whic  h represents  hundred.'  of  te'sts  on 
umaxially  loaded  specime'ns.  With  two 
except  ictus,  the  sphere  results  are  in 
agreement  with  Stockl's  findings.  From 
his  data,  it  appears  that  the  sale'  relative 
load  level  is  about  0.7\ 

Stetckl  presented  an  interesting  dis- 
cussion on  long-term  loading.  When  a 
structure  is  initially  placed  under 


sustained  load,  the'  creep  behavior  ot 
concrete  causes  degradation  ot  strength 
bv  forming  microe  racks.  At  the'  same 
time,  in  the  presence  ot  moisture,  India 
tion  eif  cement  causes  a strengthening  cit 
the  cone  rete.  Long-term  loading  to 
lailuie'  occurs  when  microcracks  Irom 
creep  progress  at  a taster  rate  than 
strengthening  from  cement  In  drat  ion. 
Since  c reep  elteets  slow  down  with  time, 
strength  gain  from  cement  hydration  has 
a chance  to  catc  h up  and  overtake  the 
cre'c'p- indue  c'd  strength  reductions.  The' 
rate'  of  cement  In  drat  ion  is  dependent 
upon  the  amount  of  tree  cement 
available  w ithin  the'  ceme  rete  bi'torc'  it  is 
placed  under  sustained  load.  The 
practical  sigm  I b aile  e ot  this  cemdition  is 
that  once  the'  "critical  duration  of  load" 
is  euc'i  and  hydration  strengthening 
occurs  at  a faster  rate  than  creep 
damage,  the*  specimen  will  nevei  fail 
from  creep.  The  critical  duration  of 
sustained  load  c an  be  day  s when  applied 
to  young  concrete  and  years  for  old 
concrete.  For  the  spheres  in  the  ocean, 
the'  critic  al  duration  of  load  was  probably 
on  the'  order  ol  months.  Hence,  ace  cii cling 
to  Stockl,  any  sphere  that  has  not  failed 
after  s.  f years  under  sustained  load 
should  not  fail  in  the'  future. 

In  I igure  22,  lew  Sphere  no.  I (‘>.07‘> 
feet)  and  Sphere  no.  7 ( T, 7 2 s feet)  the' 
time'-to  failure  is  shown  as  a dashed  line. 
The  datum  point  lot  the  spheres  was 
plotted  at  10  dav  s as  a e'onservative 
estimate.  For  Sphere  no.  t (4.  t 10  toc'l),  a 
wide  scatter  of  fragments  on  the 
sc'atloor  indicatc'd  that  the'  spe'e  line'll 
tailed  during  de'seent. 

A valuable  supplement  to  the  lailuie' 
data  was  the  ic-sults  from  the'  sphere's 
that  had  not  failed.  Figure  2t  shows  the 
rc'lative  load  le'vels  fen  the'  sphere's  in  the 
occ'an  that  are  still  intact.  Stoc  kl’s  curve 
is  shown  to  he  above  the  data.  The 
relative  load  levels  experienced  by  the' 
spheres  in  the'  ocean  are'  shown  to 
decrease  with  time  as  the  strength  of 
c'otu  rote  itu  revise's. 


2h 


ing  of  Ocean  Test  ! At  Implosion  or  I-ast  Inspection 


gure  22.  Time  to  failure  of  concrete  spheres  under  long-term  hydrostatic  loading. 
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In  hie  7.  Sumnurv  ol  l ong  -Term  l oading  Data  Prom  Spheres  1'estcd  in  Pressure  Vessel  (alter  Ki  t 51 
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Permeability 

Table  I gives  the  change  in  number 
el  chain  links  suspended  el  l the  seat  leer 
b\  the  spheres.  The  change  in  link  count 
was  title  te  a less  el  buoyanev  bv  the 
spheres  because  el  weight  gain  Irom 
water  absorption  and  pet  meabilitv . The 
loss  ol  buevanev  was  convened  to  a 
volume  el  seawater  taken  on  by  the 
spheres. 

Total  water  intake  bv  a sphere 
included  the  quantity  of  seawater 
absorbed  bv  the  com  rote  and  permeated 
through  the  wall.  The  quantitv  of 
seawater  absorbed  bv  the  concrete  was 
calculated  bv  assuming  TV  bv  weight 


absorption.  Three  percent  absorption 
was  determined  for  identical  concrete  bv 
extrapolating  data  obtained  at  axo  toot 
(ibS  m)  pressure  head  for  Sb  days  (Rot 
4)  to  a time  period  of  1 v ears  when  it  was 
estimated  that  absorption  was  complete. 

For  Sphere  no.  12.  which  was 
uncoated,  it  was  predicted  from  the 
chain  link  count  that  the  interior 
contained  1.18  cu  It  (19  liters)  of  water. 
The  actual  measured  volume  ol  water 
was  1.24  cu  It  (IS  liters).  This  close 
prediction  of  the  actual  permeated 
seawater  not  onlv  indicates  the  TV  bv 
weight  absorption  is  a fair  estimate,  but 
also  that  the  initial  calculations  of  the 
original  number  of  chain  links  suspended 
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oft  the  mm  I liH'i  u .is  art  malt'.  In  Rotor 
t'Hu'  I v oiw  om  was  o\pi ossod  that  tho 
original  numboi  ol  links  oil  tho  soatloot 
i onld  bo  in  omoi  In  ■ I.-'  links  voquivalont 
to  0.7  I in  it  ot  .'1  liters).  With  tho  data 
tioin  Spheio  no.  12,  it  is  now  known  that 
that  ot  rot  ostimato  was  too  high  \ now 
ostnnato  v> t oitoi  is  iO.-'  link  (0.24  cu  It 
01  7 litois),  which  is  alsv>  tho  oitoi 

ostnnato  botwoon  dittoront  mspov  tions. 

I iguro  24  si  tow  s tho  i olationship 
botwoon  total  water  intako  and  tmio  in 
tho  vvoan  loi  all  ol  tho  sphoros  (except 
''photos  no.  17  and  IS,  which  wore  hall 
v oatod)  whoio  oham  link  oount  data  woro 
obtainod.  The  i oatotl  sphoros  do  not  show 
am  evidence  ol  having  pormoatod  watoi. 
l his  i aso  is  known  to  ho  truo  toi  Sphoros 
no.  II  and  1 '.  1 ho  i oatod  sphoros  t ango 
in  dopth  troni  2 '*‘*0  to  4,87''  toot  (744  tv' 
1.48b  ml. 

Tho  watorproof  v oat  mg  appoarod 
quite  ollov  tivo.  This  was  an  unant  to ipa 
tod  finding,  because  tho  ooating  was  not 
a complete  ban  ioi.  I'm  holes  ot  "lisle 
o\o"  v'ponings  o\istod  in  tho  i oat  mg.  1 ho 
coating  also  hi  idgod  an  pv'v  kots  in  tho 
wall  noat  tho  surtaco;  thoso  locations 
had  tho  vv'atmg  brokon  because  tho 
watoi  prossuro  pushod  tin'  ooating  into 
tho  air  pocket.  Watoi  dotinitolv  had 
access  to  tho  oonoroto  wall  through 
thoso  v'ponings. 

When  a hole  was  drilled  in  tho  walls 
v't  Sphoros  no.  i I and  I ),  tho  oonoroto 
was  found  to  bo  quite  di  \ m appoaruneo. 
It  is  apparent  that  tho  pm -hole  openings 
beoaino  watertight  with  tune.  Continued 
Imitation  ot  oomont.  m n i v'vM  ganisins. 
and  chemical  ohanges  wore  probahlx 
sv'ino  v't  tho  ouusos  tv'i  the  oonoroto 
becoming  watertight.  Wlutoxoi  the 
mechanism  it  van  bo  speculated  that  it 
was  functioning  in  tho  unooatod  v oncrete 


tv'v'.  I tom  I igmo  24,  it  is  shown  that  in 
genet  al.  the  uiu  oatod  ooncteto  spheres 
k'vamo  watertight.  In  U'ss  than  I \oar, 
tlu*  uiu  mated  spln'ios  at'sv'i  bv'vt  (aiut 
permeated)  watoi  at  a tastoi  into  than 
tlu'  coated  spheres.  Howoxoi.  attei  I 
xoai  tho  avtvtitiv'iial  watoi  intake  was 
quite  small. 

One  method  v't  analx.'ing  poimoabil 

itX  li'slllts  is  tv'  appll  |V\ti\’s  xisiv'lls 

I Iv'xx  equation.  I v'i  a sphere  this 
i'v(uatu'ii  i an  ho  ovpiossod  as;' 

0 t 

\ T \ K 10 


whoio  K poi  meabilitx  v v'ol I u lent . 

1 1 SOC  (111  sec) 

0 quantitv  v'l  poi  moated 

''  soaw  a tor  .It'  (lit ') 

1 time  (sec) 

t w all  thu  knoss.  1 1 (in) 

\ mti'i  u'l  sui  l.u  o at oa 
s lt‘  (m ’) 

li  pi  ossui  o liv'ad,  1 1 (ml 

|V  Aim's  thv'v'ix  assunu's  hK  U'  ho 
constant  with  tune.  However,  tho 
pormoabilitx  insults  iiv'in  tho  sphoios 
show  that  K.  decreases  with  time.  1 o 
account  Iv'i  tlu'  change  m rate  v'l  . a 
secant  kv  is  utilized.  This  is  analogous 
to  tho  secant  modulus  ol  olastivitx  I v't 
nonlmont  materials  such  as  concrete. 

In  I iguro  21'  tho  secant  Is.  values 
are  shown  as  a (unction  v'l  time  m tho 
ocean.  Pat  a trom  two  spheres  tested  m a 
prosstiri'  vessel  K'i  up  tv'  4 2 dnvs  are 
included.  Those  sphoios  wore  similai  tv' 
tho  ones  m tho  ocean.  It  is  mtoiostmg 


* This  expression  isdilloront  trom  that  given  in  Rotoroncos  1 aiul  ' I'Ov  auso 
\s  is  now  dolmod  as  tho  mtonoi  sm  l.u  o area  and  not  as  mentioned  piov  muslv 
as  tho  oxtonoi  surlaco  area.  This  icvisovl  oviuatu'ii  will  give  h.  values  'O.n'V 
greater  than  tho  ptovunis  equation. 
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figure  24.  Total  w ater  intake  tor  spheres  in  the  ocean  tor  long  tune  periods. 

that  extrapolations  of  the  pressure  vessel  (|.o  x 10-  'Sn/sec).  This  was  an  order  of 
test  results  yield  results  close  to  the  magnitude  lower  than  that  for  the  con- 
actual  values  obtained  from  the  spheres  erete  in  the  spheres  tested  in  the  pres- 
in the  ocean.  sure  vessels.  Powers  did  not  discuss  am 

The  data  from  the  spheres  compared  indication  of  permeability  results 
moderately  well  with  results  from  decreasing  with  time,  as  was  found  in 
Powers  et  al.  vRef  10)  who  studied  this  study  , 
cement  pastes.  The  water- to-cement 
ratio  for  the  pastes  varied  from  0.)  to  Durability 
0.7.  and  the  measured  Kt.  values  (initial 

tangent  Kc  ) ranged  from  0.3  x 1 0 - • 4 to  Samples  of  *>.h-\ ear-old  concrete 

WO,  x 10-14  ft/sec  (0.1  x i0~  * to  120  x from  the  ocean  spheres,  both  coated  and 
10"  m/sec),  respectively.  uncoated,  and  from  the  on-land  and 

For  a water-to  cement  ratio  of  0.U,  continuously  fog  cured  cylinders  were 
which  was  equivalent  to  that  for  the  analyzed  b\  x-ray  diffraction  techniques 
concrete  in  the  spheres.  Power's  results  b\  Prof.  Mehta  at  the  Utmersin  of 
showed  a K(  of  about  3.3  \ 10  *,+  ft/sec  California  at  Berkeley.  He  determined 
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Figure  25.  Permeability  of  uncoated  spheres  expressed  as  seeant  Kc  versus  time. 


1 


the  chemical  composition  of  the  cement 
pastes;  his  report  is  given  in  Appendix  E. 
All  samples  showed  that  the  cement 
compounds  were  hydrated.  The  samples 
also  showed  that  substantial  amounts  of 
calcium  hydroxide  were  present,  which 
indicates  the  hardened  cement  pastes 
were  undamaged.  No  evidence  was 
present  of  harmful  chemical  compounds. 
The  ocean  concrete  remained  essentially 
unaltered  from  the  fog-cured  concrete. 


FINDINGS 

1.  Concrete  that  was  placed  in  the  ocean 
decreased  in  compressive  strength  by  at 
least  10%  due  to  saturation.  A time 
period  of  from  1 to  2 years  in  the  ocean 
was  required  to  regain  a strength  equal 
to  that  of  the  28-day  fog-cured  strength. 

2.  After  5.3  years  in  the  ocean,  concrete 
showed  a compressive  strength  that  was 
15%  greater  than  its  28-day  fog-cured 
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strength.  However,  this  strength  won  still 
I W less  than  companion  concrete  con- 
tinuously fog-cured. 

3.  Three  spheres  were  retrieved  from  the 
ocean  where  they  had  been  exposed  to  a 
preload  ot  50  A,  ot  their  ultimate  strength 
for  “>.  3 years.  These  preloaded  spheres 
were  tested  in  the  laboratory  under 
short-term  loading  and.  in  general, 
behaved  similarlv  to  that  of  non-pre- 
loaded  spheres.  Whether  preloaded  or 
non  preloaded,  the  saturated  (uncoated) 
concrete  spheres  had  a tendency  to  fail 
at  lower  pressures  than  those  ot  dry 
(coated)  concrete  spheres. 

4.  Three  of  the  original  eighteen  spheres 
have  imploded  in  the  ocean  under  long- 
term loading.  The  remaining  spheres 
have  withstood  load  levels  of  0.3  to  0.S 
of  their  predicted  short  term  strength. 

3.  The  permeability  of  concrete  in 
uncoatcd  spheres  has  shown  a decrease  in 
rate  with  time  and.  in  several  cases,  the 
permeation  of  seawater  through  the 
concrete  wall  has  stopped  Coated 
(waterproofed)  spheres  remained  drv  on 
the  interior. 

(•>.  X-rav  diffraction  analvsis  of  the  log- 
cured  and  ocean-cured  concrete  has 
shown  the  5. 3-vear  ocean-cured  concrete 
- whether  coated  or  uncoated  - to  be 
essentiallv  unchanged  from  the  fog-cured 
concrete. 


SUMMARY 

Alter  6>.4  years  in  the  ocean,  the 
long-term  test  on  concrete  spheres  at 
deep  ocean  depths  has  demonstrated 
several  important  factors  that  will  result 
in  design  criteria  for  undersea  concrete 
structures.  Those  items  are  listed  in  the 
Findings  section  above.  To  summarize: 


(I)  the  compressive  strength  of  concrete 
decreased  slightlv  due  to  becoming 
saturated  with  seawater.  (2)  the  rate  ol 
strength  gain  with  time  for  concrete  in 
the  deep  ocean  was  slower  than  that  for 
concrete  cured  in  a standard  fog  room. 
(3)  spheres  exposed  to  a load  5G'V  of 
their  short-term  strength  for  5.3  years 
behaved  in  a manner  similar  to  that  of 
spheres  that  were  not  exposed  to  a long- 
term load.  (4)  twelve  spheres  are  still  in 
the  ocean  and  are  withstanding  pressure 
loads  that  range  from  1.S40  to  4.87 5 feet 
(36,0  to  1.4S6  m).  (5)  the  permeability  of 
uncoated  concrete  was  quite  low,  (6)  if 
complete  watertightness  is  desired,  a 
waterproof  coating  was  found  to  be 
effective,  and  (7)  the  durability  of 
concrete  in  the  deep  ocean  was  found  to 
be  excellent. 

The  results  from  this  study  show 
undersea  concrete  structures  to  behave 
except ionallv  well  at  deep  ocean  depths. 
The  strength.  permeability.  and 
durability  of  the  spheres  are  within  or 
exceed  engineering  acceptability  limits. 
Confidence  in  using  concrete  for 
undersea  structures  ts  substantiated  and 
enhanced  bv  the  results  of  this  ocean 
test.  The  test  is  continuing,  and  addi- 
tional data  will  be  forthcoming. 
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Appendix  A 


EFFECT  OF  DRILLING  CORES  ON 
COMPRESSIVE  STRENGTH 


It  is  generally  known  that  the  com- 
pressive strength  of  core  specimens 
obtained  from  a structure  is  usually  less 
than  that  of  standard  laboratory  cast 
cylinders.  This  observation  is  the  result 
of  many  influencing  parameters,  one  of 
which  is  the  effect  of  drilling  the  core 
specimens.  Other  parameters  are:  curing 
environment,  size  of  core  specimen,  and 
direction  of  coring  compared  to  casting 
(to  name  a few).  The  specific  topic  of 
drilling  effect  had  not  been  directly 
addressed  in  past  studies.  However, 
investigations  by  Bloem  (Ref  11)  and 
Campbell  and  Tobin  (Ref  12)  gave  data 
suitable  for  estimating  the  drilling 
effect. 

Both  investigations  used  concrete 
slabs  that  had  provisions  for  making  and 
curing  cast  cylinders  as  part  of  the  slab. 
At  the  time  of  test,  the  cast  cylinders 
were  removed  from  the  slab,  and  then 
core  specimens  of  the  same  size  as  the 
cast  cylinders  were  drilled  from  the  slab. 

The  Bloem  study  used  plastic  inserts 
that  were  set  in  the  slab  to  make  the 


cast  cylinders;  these  were  subsequently 
"pushed-out."  Both  the  cast  and  cored 
cylinders  were  soaked  for  40  hours  prior 
to  testing  to  insure  similar  moisture 
contents.  The  Campbell  and  Tobin  study 
used  concrete  having  two  cement  con- 
tents, 5.33  and  7.33  sacks  per  cu  yd.  Cast 
cylinders  were  made  in  metallic  molds 
and  then  placed  in  holes  in  the  slab.  The 
cast  and  cored  cylinders  were  soaked 
prior  to  testing. 

The  uniaxial  compressive  strength 
data  of  select  test  runs  are  given  in 
Table  A-l.  The  observed  effect  of 
drilling  is  to  reduce  the  strength  of  the 
cast  cylinders  by  a factor  of  0.93.  For 
this  report,  the  inverse,  1.07,  is  the 
factor  to  increase  the  strength  of  cored 
specimens  so  that  they  become 
equivalent  to  cast  cylinders. 

This  factor  of  1.07  was  in  close 
agreement  with  that  of  Murphy  (Ref  13) 
who  mentioned  a factor  of  1.0 6 but  did 
not  present  test  results  or  the 
background  source. 
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Appendix  1\ 

l AKLY  COMPKI  SMV1  STKI.NC.TM  DATA  Ol  Sl’MI  Kl  S 


i 


tablet'  I lists  the  uniaxial  eotnpres 
sive  strength  data  lot  all  tin-  spheres  in  a 
tnannei  sunilat  to  th.it  in  lielerenee  1. 


I able  A 2 on  r'omiete  Control  Cxlindct 
Mat  a.  I'his  new  table  iiw  ludes  (he  t ool  li 
> tents  ol  \ ai  mtion. 


Appendix  t' 

MOISTURE  (CONTENT  OF  CONCRETE  SAMPLES 


Vests  were  conducted  on  concrete 
fragments  Item  ocean-cured  spheres  and 
blocks,  on-land-eured  blocks,  and  log- 
cured  cylinders  to  determine  the  relative 
free  moisture  contents  associated  with 
the  different  curing  environments. 
Those  data  were  obtained  b\  drying 
specimens  in  a “>0%  RH,  701  environment 
for  4 months  and  then  .it  I 30F  OK')  tor 
3 weeks.  The  data  are  presented  in  Table 
C- 1 and  Figure  C- 1 . 

Moisture  contents  foi  the  continu- 
ously log-cured  cylinders,  ocean-cured 
blocks,  and  uncoated  ocean-cured  sphere 
were  similar.  The  concrete  in  the  coated 
ocean- cured  sphere  had  a lower  moisture 
content,  and  the  on-land  field-cured 
block  had  a still  lower  moisture  content. 

The  moisture  content  of  the  con- 
crete in  the  coated  spheres  represents 
tlu>  condition  of  the  concrete  after  the 
spheres  were  tested  in  the  pressure 
vessel.  The  spheres  in  the  ocean 
probably  had  a lower  moisture  content. 

\ This  conclusion  can  be  presented  because 

ot  an  obseryation  made  during  test.  Prior 


to  tests  in  the  pressure  vessel,  the 
interior  volume  ol  the  sphere  was  filled 
with  watei  tor  the  purpose  of  measuring 
thi'  change  in  volume  of  the  sphere 
during  pressurization.  The  interior  sur- 
face of  the  sphere  was  not  coated.  For 
Sphere  no.  I 3,  the  specimen  had  water  in 
its  interior  for  about  If*  hours, at  which 
time  it  was  observed  that  additional 
water  had  to  be  added  to  completely  till 
the  interior  again.  A certain  quantity  of 
water  was  absorbed  by  the  dry  concrete 
before  the  test.  For  Sphere  no.  I I.  yvatcr 
was  in  contact  with  the  dry  concrete  toi 
only  about  4 hours. 

In  addition  to  drying  some  samples, 
other  samples  from  the  ocean-cured 
blocks  and  coated  sphere  yyall  yyere 
saturated  in  a pressure  vessel.  When  the 
yvatcr  gained  yyas  added  to  the  yvatei 
lost,  the  total  water  content  for  the 
blocks  was  about  f. I 3 A,  by  weight,  and 
lot  the  coated  sphere  yyall.  it  yyas  about 
S.wv  by  weight.  The  average  water 
content  yyas  \ 34'V  by  yveight.  yvliich 
represents  an  average  void  volume  in  the 
concrete  ot  I2.v\,. 
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Table  C-l . Moisture  Content  of  Concrete 


Moisture  Ix>ss  (%  *esght  of  concrete) 


Appendix  D 

CEMENT  PASTE  SAMPLES  PLACED  IN  THE  OCEAN 


To  study  the  phenomenon  of  magne- 
sium ions  replacing  calcium  ions  in 
tobormorite  gel,  small  neat  cement  paste 
samples  were  mounted  on  the  chain  of 
Spheres  no.  15  and  16  on  7 Mar  1978.  Ten 
samples  were  placed,  five  at  each 
sphere.  The  samples  were  1 inch  in 
diameter  by  2 inches  long  (25  x 51  mm). 
They  were  suspended  from  a steel  bar 
that  was  hooked  onto  the  sphere  chain. 
The  samples  were  hung  from  insulated 
electrical  cables  about  1.5  feet  (0.5  m) 
below  the  bar.  Each  cable  contained  a 
plug-in  type  connector  (Figure  D-l).  In 
the  future  to  retrieve  a sample,  a 
submersible  can  use  its  manipulators  to 
disconnect  the  plug. 


The  cement  paste  samples  were  pre- 
pared on  1 Jan  1978  by  Professor  P.  K. 
Mehta  of  the  University  of  California  at 
Berkeley.  The  paste  was  made  of  Type  II 
Portland  cement  having  a water-to- 
cement  ratio  of  0.60.  The  relatively  high 
water-to-cement  ratio  was  used  to 
create  a higher-than-normal  porosity. 
The  samples  were  made  using  a 
technique  that  prevented  bleeding. 

The  chemical  composition  for  the 
cement  is  given  in  Table  D-l. 
Comparison  samples  to  those  in  the 
ocean  were  placed  in  a fog  room 
environment  at  CEL  and  the  University 
of  California  at  Berkeley. 


Tabic  D-l.  Chemical  Composition  of 
Portland  Cement 


Chemical 

Percent 

Si02 

22.36 

AI2O3 

3.75 

Fe2°3 

2.10 

CaO 

65.89 

MgO 

1.77 

SOj 

2.29 

CjS 

63.5 

c2s 

16.3 

CjA 

6.4 

c4af 

6.4 

2 

Blaine,  cm  /g 

4,800 

FRICSQ1NG  FJOK  Hi-Aigr 
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Appendix  E 

M1CROSTRUCTURE  EXAMINATION  OF  CONCRETE 


by 

Prof.  P.  K.  Mehta 
University  of  California,  Berkeley 


The  results  of  a microstructure 
examination  of  the  concrete  samples 
listed  in  Table  E-I  are  summarized 
below . 

Aggregate  pieces  from  the  concrete 
were  carefully  separated  as  much  as 
possible  before  crushing  and  grinding  the 
remainder  of  the  sample  for  x-ray 
diffraction  analysis.  All  x-ray  diffraction 
analysis  work  was  conducted  at  40  kV,  3 5 
inA  Cu  k a . 

There  was  no  evidence  of  unhydra- 
ted cement  compounds  in  any  of  the 
specimens.  This  showed  that  the  cement 
was  more  or  less  completely  hydrated. 
All  the  samples  showed  substantial 
amounts  of  calcium  hydroxide,  thus 
indicating  that  the  hardened  cement 
pastes  were  undamaged  in  every  case. 
Since  large  peaks  due  to  quartz  and 


feldspar  emanating  from  sand  were  also 
present,  it  was  not  possible  to  make  am 
estimate  of  the  relative  quantities  of 
calcium  hydroxide  in  the  different 
specimens.  Concrete  samples  no.  A,  B, 
and  C showed  small  peaks  due  to  ettrin- 
gite.  In  no  case  were  peaks  large  enough 
to  draw  any  conclusions.  Concrete 
sample  no.  A (piece  from  wall  of  sphere 
no.  1 2)  differed  only  in  one  respect  from 
the  others.  It  showed  two  small  peaks, 
2.54  A and  2.16  A,  w hich  are  possibly  due 
to  the  presence  of  calcium  carboalumi- 
nate  hydrates.  However,  these  peaks  are 
not  very  large,  and  all  major  peaks  due 
to  carboaluminate  hydrates  were  not 
present.  Therefore,  it  is  concluded  that 
the  concrete  has  remained  essentially 
unaltered. 
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Table  l-  l.  Concrete  Samples  for  Microstructure  I xjiimuiuin 


Sample 

No. 

Sample  Description 

Curing 

History 

A 

Piece  of  uncoated  wall  from  hemisphere 

W-32,  which  was  part  of  Sphere  no.  12. 

5.3  \ r at  2,790  It 
in  the  ocean 

K 

Piece  of  concrete  block  that  was  attached 
to  Sphere  no.  1 2.  Concrete  was  from  same 
batch  as  that  of  hemisphere  W-32. 

5 .3  \ r at  2 ,790  ft 
in  the  ocean 

c 

Piece  of  control  cylinder  that  corresponded 
to  hemisphere  W 32. 

Tog  curing,  HK)A> 

Kll,  73°l;  for  5.6  yr 

n 

Piece  of  concrete  block  that  remained 
exposed  to  on-land  field  conditions.  Concrete 
was  from  same  batch  as  that  of  hemisphere 

W-29  (other  hemisphere  to  Sphere  no.  12). 

Field-cured  on  land. 

150  ft  from  ocean 
for  5.6  yr 

E 

Piece  of  coated  wall  from  hemisphere 

W 26,  which  was  part  of  Sphere  no.  1 3. 

5.3  yr  at  2,635  ft 
in  the  ocean 
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